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Previously on Astro-1

Introduction to stars
Measuring distances

Inverse square law:
luminosity vs brightness

Colors and spectral types,

the Hertzsprung-Russell
diagram

Masses of stars

The HR Diagram is a mass
sequence for H burning stars.

o)
=
>
=
0
o
=
£
=]
-l

-
(=]
N

-t

For a main-sequence
star, high mass means
high luminosity, high
surface temperature,
and a large radius...

...while low mass

means low luminosity,
low surface temperature,
and a small radius.
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Today on Astro-1

Massive stars are young stars

— Mass determines lifetime of a star.

Star formation

— Where do stars form?

— How do stars reach the Main Sequence?

— How do protostars transition to the Main Sequence?

Where do new stars form within galaxies?
When did most of the stars in the Universe form?



The mass of stars
determines their lifetimes.

All main-sequence stars are made of the same stuff,
mainly H and He.

S0 why do massive stars have shorter lifetimes?

After all, they have more fuel to burn.



Massive Stars are More Luminous

5 = 3.5
° | L~ L, (M/M,)
= Fora main-sequence .
star, high mass means :
10 <  high luminosity... e A star Wlth 60 times
e " the mass of the Sun
102 - a ¢
e ,e*) has 60 times as much
z i nuclear fuel as the
é | .7 sun Sun, but burns 1t H
S0 7 more rapidly.
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Figure 17-22
Universe, Tenth Edition
© 2014 W. H. Freeman and Company



Why Are Massive Stars More Luminous?

 Greater mass means greater central pressure & temperature.
Hydrostatic equilibrium requires more P to hold up the extra mass.

* So the nuclear reactions produce more power in the core.
A bit like a turbo-charged engine produces more power.

* And the surface luminosity balances the power production in
the core, so a massive star 1s more luminous.



Massive Stars L.ead Short Lives

Lifetime = Fusion Energy / (Luminosity), or
tys = € M/ L, where ¢ is 0.007¢? of the core mass.

* Let’s scale from the main sequence lifetime of the Sun, which
is 1010 yr.
* A massive star has a main sequence lifetime of
tys = to (M/L) / (My/Lg) = t, (M/M,) (Ly/L)
=t,(M/M,)??

* Massive stars lead short lives.
« A 60 M, spends 10'Y yr (1/60) >>=4 x10° yr on the main
sequence.
* A 25 M, star burns up its core H in 3 x10° yr
» Shorter than the time it takes to orbit around the center of
the Milky Way galaxy even once (200 Myr).
* Long enough for life to evolve? [See HW6 (U11.19.8)]




Approximately how long will a 3-solar-mass star spend
on the main sequence?

A. 3 times the Sun’ s main-sequence lifetime

0.33 times the Sun’ s main-sequence lifetime

0.13 times the Sun’ s main-sequence lifetime

0.11 times the Sun’ s main-sequence lifetime

T, R D

0.064 times the Sun’ s main-sequence lifetime



Approximately how long will a 3-solar-mass star spend
on the main sequence?

A. 3 times the Sun’ s main-sequence lifetime

B. 0.33 times the Sun’ s main-sequence lifetime
C. 0.13 times the Sun’ s main-sequence lifetime
D. 0.11 times the Sun’ s main-sequence lifetime
E

. 0.064 times the Sun’ s main-sequence lifetime

Bonus Question:

How many times would a 3 solar mass star in the solar
neighborhood orbit the center of the Milky Way before it
used up its hydrogen fuel?



Where do stars form?

Massive stars don’t hang around for long, so they mark
sites of recent star formation.

We can identify star-forming regions by locating massive
stars in a galaxy.



Star-forming regions in another galaxy

Vocabulary:
 H II means 1onized H, or H*

 H I means neutral H, or H°

L HII regions lie along
the spiralarms

We see piral galaxy M83 nearly face-on

Figure 18-8a
Universe, Tenth Edition
Australian Astronomical Observatory/David Malin Images



Example of an H 11 Region (or Emission Nebula):
The Orion Nebula

* Contains about 300 M,, of gas and stars
* [lluminated by the five most massive stars
* UV light excites the atoms, which fluoresce

-Orion Nebula

(a) A wide-angle view of Orion (b) A closeup of the Orion Nebula
Figure 18-1
Universe, Tenth Edition

a: Australian Astronomical Observatory/David Malin Images; b: NASA,ESA, M. Robberto [Space Telescope Science Institute/ESA] and the Hubble Space Telescope Orion Treasury
Project Team



Emission Nebulae: Ultraviolet light from massive
stars is converted into lower energy photons

2. Hydrogen atoms in the nebula 3. When electrons and protons recombine,

abeorh the ultraviclot tI?e electron typlfally begins in a large,
2 high-energy orbit around the proton.
1. High-energy ultraviolet photons, which have enough
photons are emitted energy to break the atoms
from a nearby hot star. into electrons and protons.

5 N

/ 4. The electron jumps to successively lower-energy
orbits. With each jump, the atom emits a
photon; each of these photons has less energy
and a longer wavelength than the ultraviolet
photons in Step 1. These emitted photons give

the hydrogen a characteristic visible glow.
Figure 18-3
Universe, Tenth Edition
© 2014 W. H. Freeman and Company



Emission, Reflection, and Dark
Nebulae in Orion

NGC 2024
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A wide-angle view of Orion ' ;

Figure 18-1a
Universe, Tenth Edition
Australian Astronomical Observatory/David Malin Images

Figure 18-2
Universe, Tenth Edition
Stocktrek Images/Roth Ritter/Stocktrek Images/Corbis



Dark Nebulae are Opaque

ey

. NGC6520
7 (star cluster) .
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Figure 18-4
Universe, Tenth Edition
Australian Astronomical Observatory/David Malin Images
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Barnard 86 is about 1/7®
the angular diameter of the
full moon.

Dust completely blocks
optical starlight. Radio
waves pass right through.

Cold. T=10 K.

Do dark nebulae emit
light?



Dust also retlects and scatters light

, ‘Reflection’
nebulae - .

Reflection nebulae
scatter and reflect
light from the stars
they surround



Interstellar Extinction & Reddening

As light from a distant ...more shorter-wavelength
object travels through blue light is scattered or
interstellar space... absorbed by dust grains...

...than is longer-wavelength
light while red light passes
through.

True color B 5 . L
of star ' - _ .
© T —— Observer
Distant Distant obje.ct appears
: redder than it would
object . :
Dust grains without interstellar
reddening.
How dust causes interstellar reddening
Figure 18-6a

Universe, Tenth Edition
© 2014 W. H. Freeman and Company
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- 'Dﬁst is concentrated in the g‘alaxy’s midplane |

We see spiral galaxy NG 891 nearly edge-on

Figure 18-8b
Universe, Tenth Edition
Instituto de Astrofisica de Canarias/Royal Greenwich Observatory/David Malin



Mldplane Of the Mllky ay Galaxy

Vega \

‘. Lanesofinterstellardust . =

Figure 18-7
Universe, Tenth Edition
Jerry Lodriguss/Science Source

HW6: Extinction toward a star cluster 3 kpc away. Told that 15% of the
light gets transmitted every kpc. How much of the light gets through?

How does interstellar dust affect measurements of stellar luminosity?



Mass Loss from a Supermassive Star

Figure 18-13
Universe, Tenth Edition
2 MASS/UMass/IPAC-Caltech/NASA/NSF; inset: D. Filger, NASA



“Feedback” from a massive star
on its environment

HW6 (Cassiopeia A): A massive star about 3000 pc from Earth
exploded 300 yr ago. The shock wave has expanded about 3 pc. You are
asked to find the expansion speed.



“Feedback” from a massive star
On its enVirOnment Radiation and stellar

winds from this massive,
luminous star...

NASA/JPL-Caltech/Univ. of Ariz./STScl/CXC/SAO ...may have triggered the
formation of these stars.

Does this process disrupt gas clouds (negative feedback)?
Or compress them and trigger star formation (positive feedback)?



Triggered Star Formation in a
Molecular Cloud

The shock wave formed around Newly formed stars power
In this way, an OB association

the edge of the expanding H Il region the expansion of the H Il region
stimulates new star formation. farther into molecular cloud. “eats into” a giant molecular cloud.

New young cluster

Young cluster Shock wave
New young cluster

Old cluster

Oldest Older ,

cluster cluster,’

/
/

Expanding region of
ionized hydrogen (H 1)

Shell of hydrogen that
has not yet been ionized

!
Star formation is
progressing in this direction
/

Older O and B stars are left
behind and begin to disperse.

Figure 18-25 part 1

Universe, Tenth Edition
© 2014 W. H. Freeman and Company [Adapted from C. Lada, L. Blitz, and B. ElImegreen]



When did most of the stars in the
Universe form?



Cosmic Star Formation History

TODAY Peak activity
Sun formed 11-12 Gyr ago
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How Do Stars Form from
Interstellar Gas?

The interstellar medium contains dense clouds.
The densest regions of interstellar clouds form protostars.

And the protostars evolve towards the main sequence.



Question (iclickers!)

*The major source of energy in the pre-main sequence life of
the Sun was

*A) gravitational

*B) nuclear fusion

*C) chemical burning of carbon atoms

*D) nuclear fission



Question (iclickers!)

*The major source of energy in the pre-main sequence life of
the Sun was

*A) gravitational

*B) nuclear fusion

*C) chemical burning of carbon atoms

*D) nuclear fission



Stars Form within Dense Dark
Nebulae (or Bok globules)

* About 1-3 pc across

. ~1000 M,

* [lluminated by
nearby stars (of
higher mass)




(a) A dark ebula

Figure 18-11
Universe, Eighth Edition
© 2008 W.H.Freeman and Company

. . ‘&' . "‘
(b) A hidden protostar within the
dark nebula



3.Hot, luminous stars (beyond
the upper edge of the closeup
image) emit ultraviolet
radiation: This makes the

dark nebula evaporate,
leaving these pillars.

1.This emission nebula (about 2200 pc
away and about 20 pc across) surrounds
the star cluster M16.

2. Star formation is still
taking place within this
dark, dusty nebula.

4. At the tip of each

of these “fingers”

is a cocoon nebula
containing a young star.

5.Eventually the
cocoon nebulae
evaporate, revealing
the stars.

Figure 18-17
Universe, Eighth Edition
© 2008 W.H.Freeman and Company



Formation of a Protostar. 1.

* Collapsing gas cloud releases energy to make protostar shine.

* Disks enable collapse by transporting angular momentum.

 Circumstellas Swirling motions in the
dccretion disk | disk distort the field
lines into helical shapes
\ &~
\ \Protostar / \ ¢
N\
\
. ’l
’ \
o \/ \
! As the disk
Magnetic field contracts toward the Some infalling disk
lines thread protostar, it pulls the material is channeled
through the disle magnetic field lines with it outward along the helices
(a) (b) (c)
Figure 18-16

Universe, Tenth Edition
© 2014 W. H. Freeman and Company [Adapted from Alfred T. Kamajian/Thomas P. Ray, “Fountain of Youth: Early Days in the Life of a Star,” Scientific American, August 2000]



Formation of a Protostar. 11.

* Collapse stops when fusion begins and establishes equilibrium.

* The minimum mass to ignite fusion 1s 0.08 solar masses.

» Jets feedback on the environment, stopping additional accretion.

\

Protostar
(hidden by dark, dusty nebula)

Figure 18-14
Universe, Tenth Edition
J. Hester [Arizona State University], the WFPC-2 Investigation Team, and NASA



Mass Loss and Accretion:
T Tauri Stars M <3 M,)

Circumstellar accretion disk

Protostar

(hidden by dust
in the plane of the disk)

1000 AU

HW6 (HH 30, 130 pc from Earth, jet velocity 1s 200 km/s):
What 1s the orbital period at the edge of the disk?
How long did it take the jet to traverse the region shown?



The Clumps in Molecular Clouds
Have a Range of Masses

Protostar cores within
the dark nebula

In this cold, dark nebula, Gas and dust begin to As the cores condense,
gas atoms and dust condense into clumps, their density and
particles move so slowly forming the cores of temperature both
that gravity can draw protostars. increase.

them together.

Evolution depends on mass...



Star Formation Produces a Range of
Stellar Masses

e The minimum stellar
.l | o ey | mass is about 0.08 M.
= Why?

ik » The maximum stellar
% - mass 1s roughly 100 M,
A% Why?
All star clusters show
roughly the same
°| “t *  distribution of stellar

< ' ] ~ " masses.
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log,.¢, (arbitrary)
[

Relative number of stars

L.ow mass stars are

plase ol oy o i - much more common
] 0 |

log,;m [M,] than high mass stars.
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Stellar Structure. I. The Sun

Convective Radiative

and 0.4 Mo: Energy flows
©|M Eora W»IQ by radiation in the inner
i / regions and by convection

Q in the outer regions.

OO

© 2 WHF eman and Company



Stellar Structure. 11.

Low Mass Stars High Mass Star
M< 04M)) M>4M)

Convective Radiative
Convective

o\

P 0 &

Core

Mass more than about 4 M :
Energy flows by convection in
the inner regions and by
radiation in the outer regions.

Mass less than 0.4 M:
Energy flows by convection
throughout the star’s interior.




Stars Less Massive than the Sun have Main
Sequence Lifetimes Long than 10 Gyr

e Low mass stars burn H slower 1n their cores.

« Low mass stars have a different mass- luminosity relation
(L ~ M¥*), where x = 2.3 for M <0.43 M,

 The lowest mass stars have not had time to evolve off the
main sequence.

— 0.75 M, star requires 25 Gyr to burn up its core H.

— We don’t expect to find post main-sequence stars of this
mass 1n a Universe that 1s 13.7 Gyr old.



Summary

High mass stars live fast and die young
— Galaxies form stars in spiral arms.

— Most of the star formation in galaxies happened 7-9 billion
years ago.

Interstellar dust makes stars appear fainter and redder than
they really are.

Stars form in clouds of cold gas, collapsing under gravitational
instability
— Protostars are heated by gravitational collapse and often
form disks and jets around them
Stellar lifetimes are a tool for understanding galaxies and the
universe.

* H-R diagrams can be used to age-date star clusters.



